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ABSTRACT

Introduction: To evaluate normal reference
ranges for corneal morphological parameters
and investigate age-related changes in these
parameters in Asian subjects with healthy eyes
in order to provide reference data for preopera-
tive evaluation of corneal refractive surgery and
the early differential diagnosis of subclinical
and asymptomatic keratoconus.
Methods: This cross-sectional, multicenter,
observational study was conducted in five pro-

vinces of China, from January 2014 through
October 2019. It is a retrospective analysis.
Examiner-blinded clinical measurements were
performed after stratification of the subjects
into the following age groups: \ 18, 18–30,
31–40, 41–50. We evaluated 30,618 healthy eyes
of Chinese subjects who exhibited a normal
corneal morphology, had no history of eye
surgery or trauma, stopped wearing soft contact
lenses for at least 2 weeks (rigid contact lenses
for at least 4 weeks), and underwent topo-
graphic studies for both eyes on the same day.
Results: While the anterior and posterior cor-
neal curvatures (K1 and K2) increased with age,
corneal astigmatism of the anterior and poste-
rior surfaces (DK) and central, minimum, and
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overall corneal thicknesses decreased with age.
Age-related decrease of the overall corneal
thickness was more obvious toward the
periphery. The anterior and posterior corneal
surface heights exhibited a decrease and an
increase, respectively. Both index of height
asymmetry (IHA) and index of vertical asym-
metry (IVA) exhibited an increase with age.
Conclusions: The cornea exhibits overall thin-
ning with age and gradually changes from a flat
ellipse to an elongated ellipse in Asian individ-
uals with healthy eyes. However, the anterior
and posterior surfaces become smoother with
age. Owing to the very large number of cases,
these small differences are statistically signifi-
cant. The results obtained are consistent with
the hypothesis that a normal cornea seems to
withstand quite well the effect of IOP, external
pressures, and the natural cross-linking.

Keywords: Corneal curvatures; Corneal
morphology; Corneal thickness; Keratoconus;
Multicenter study

Key Summary Points

Why carry out this study?

Accurate assessment of the range of
normal corneal morphological parameters
is crucial for the identification of many
preclinical corneal diseases.

With the rapid development of
technology for corneal refractive surgery,
the effective prevention of postoperative
corneal dilation and increased safety has
become an important part of preoperative
screening for individuals scheduled.

A defined normal reference range for an
evaluation index is an important
prerequisite for the correct assessment of
examination findings. The normal values
of corneal morphology vary among
different populations, so we designed this
multicenter study for Asians.

What was learned from the study?

While the anterior and posterior corneal
curvatures (K1 and K2) increased with age,
corneal astigmatism of the anterior and
posterior surfaces (DK) and central,
minimum, and overall corneal thicknesses
decreased with age. Age-related decrease
of the overall corneal thickness was more
obvious toward the periphery. The
anterior and posterior corneal surface
heights exhibited a decrease and an
increase, respectively. Both index of
height asymmetry (IHA) and index of
vertical asymmetry (IVA) exhibited an
increase with age.

The cornea exhibits overall thinning with
age and gradually changes from a flat
ellipse to an elongated ellipse in Asian
individuals with healthy eyes. However,
the anterior and posterior surfaces become
smoother with age. Therefore, with the
increase in age, normal corneal
morphology shows a gradual pseudo-
protuberance state.

INTRODUCTION

Accurate assessment of the range of normal
corneal morphological parameters is crucial for
the identification of many preclinical corneal
diseases, among which keratoconus is closely
related to corneal morphological changes. Ker-
atoconus is a chronic progressive disease with-
out inflammation, characterized by progressive
thinning and bulging of the normally round
cornea into a cone-like shape. It can cause
irregular myopic astigmatism and reduce the
corrected visual acuity by varying degrees. Ker-
atoconus mostly occurs in adolescents and
gradually progresses until the age of 20 or
30 years. A minority of patients are diagnosed
after the age of 40 years, following which the
condition slowly progresses [1–5]. Keratoconus

5764 Adv Ther (2021) 38:5763–5776



is generally bilateral, although it may occur
successively in each eye [5–7]. The disease has a
certain familial hereditary tendency, although
there is no obvious sex-related difference [8]. All
ethnic groups can exhibit this condition, with
the incidence ranging from 0.05% to 0.23%
[9–11].

Clinical keratoconus can be easily diagnosed
on the basis of obvious corneal morphological
changes such as Vogt striae, Fleischer rings,
corneal protuberance, and even corneal scarring
[11, 12]. Moreover, experts have agreed that
abnormal posterior ectasia, abnormal distribu-
tion of the corneal thickness, and clinical non-
inflammatory corneal thinning are mandatory
findings for a diagnosis of keratoconus [12].
However, it is very difficult to diagnose sub-
clinical and early asymptomatic keratoconus
[13]. In recent years, with the rapid develop-
ment of technology for corneal refractive sur-
gery, there is a rapid increase in the number of
individuals receiving this surgery. Therefore,
timely detection of subclinical and early
asymptomatic keratoconus for the effective
prevention of postoperative corneal ectasia and
increased safety [14, 15] has become an impor-
tant part of preoperative screening for individ-
uals scheduled for such surgeries.

Accurate detection of minute changes in the
corneal morphology, such as the corneal cur-
vature, corneal thickness, and anterior and
posterior corneal surface heights, among oth-
ers, is necessary for differentiating subclinical
and early asymptomatic keratoconus from
normal age-related changes. It is well known
that a defined normal reference range for an
evaluation index is an important prerequisite
for the correct assessment of examination
findings. Therefore, we designed the present
large-scale, multicenter study involving Asian
subjects with healthy eyes, with the aim of
evaluating normal reference ranges for corneal
morphological parameters and investigating
age-related changes in order to provide refer-
ence data that can aid in the differentiation of
normal age-related changes from the changes
seen in subclinical and early asymptomatic
keratoconus.

METHODS

Study Subjects

This cross-sectional study was conducted in five
medical centers in different regions of China:
Tianjin Eye Hospital, Jinan Mingshui Eye
Hospital in Shandong province, Wuhan Gen-
eral Hospital of Guangzhou Military Command
of PLA in Hubei province, The First Affiliated
Hospital of Xinjiang Medical University in
Xinjiang province, and Red Cross Hospital in
Yunnan province. This is a retrospective analy-
sis. The study protocol adhered to the tenets of
the Declaration of Helsinki. Ethical approval
was not required because this retrospective
study did not deal with human tissue samples,
and there were no concerns about privacy.

We collected anterior segment examination
data from January 2014 through October 2019.
For an initial set of more than 48,056 samples,
we performed screening according to the
following inclusion criteria: patients aged
10–50 years, which is the range for the occur-
rence of keratoconus [1–3]; those who under-
went corneal topography studies for both eyes
on the same day; those who exhibited a normal
corneal morphology without any corneal mac-
ula; those without a history of eye surgery or
trauma; and those who had stopped wearing
soft contact lenses for at least 2 weeks or rigid
contact lenses for at least 4 weeks. Eyes with
keratoconus, suspected keratoconus, or sub-
clinical keratoconus diagnosed according to a
global consensus [12] and the ABCD Grading
System for keratoconus [16] were excluded. The
enrolled patients were divided into the follow-
ing four groups according to their age in years:
\18, 18–30, 31–40, and 41–50. All measured
parameters were compared among these age
groups.

Clinical Examinations

We evaluated the anterior and posterior corneal
surface curvatures K1and K2; astigmatism of the
anterior and posterior corneal surfaces (DK,
defined as the absolute difference between
readings in the K1 and K2 meridians [17]);
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central, minimum, and overall corneal thick-
nesses; anterior and posterior corneal surface
heights at the thinnest points; and corneal
morphological parameters closely associated
with keratoconus, namely the index of height
asymmetry (IHA) and index of vertical asym-
metry (IVA). IHA represents the degree of sym-
metry in the horizontal vertex height data
relative to the reflection axis, while IVA repre-
sents the degree of symmetry in the corneal
radius at the horizontal apex relative to the
reflection axis. IHA and IVA values that are
higher than normal suggest an increased risk of
keratoconus.

We used an examiner-blinded method for all
measurements, which were performed using
Pentacam (three-dimensional anterior segment
analysis and diagnostic system; OCULUS, Ger-
many). The five research centers used the same
device (PentacamHR) formeasurements and data
collection. All equipment are calibrated by engi-
neers of the same company every 3 months. The
calibration tool is a standard simulated eye with
fixed thickness, curvature, and grayscale parame-
ters. Using the optical principle for evaluation of
the simulated eye, the device records standard
parameters for the simulated eye into its digital
signal processor in order to ensure appropriate
calibration and instrument precision.

We performed measurements under natural
pupil conditions in a darkroom. After adjusting
the mandible in the mandibular pad, we asked
the subjects to keep their eyes open and watch
the circles in the blue-ribbon indicator after
blinking twice. The examiner (a member of the
research team) used the joystick to aim and
focus with the screen cue. Detection bias was
avoided by selection of the automatic measur-
ing system release mode; automatic measure-
ment began when the instrument detected the
pupil center, edge, and clear corneal apex.
According to quality specification require-
ments, the instrument only displays the test
results marked as ‘‘OK’’ to the examiner.

Statistical Analysis

All data were analyzed using SAS 9.4 (SAS
Institute Inc., Cary, NC, USA). Quantitative data

are described as means ± standard deviations if
data meet normal distribution, otherwise
medians (M) (Q1–Q3) were used. For compar-
isons between two groups, the independent
samples t test and the Wilcoxon rank sum test
were applied for normally and non-normally
distributed data, respectively. The
Kruskal–Wallis test was used for comparisons
among three or more groups for non-normally
distributed data. Spearman’s rank correlation
analysis was used to test for trends for non-
normally distributed data. P values of less than
0.05 were considered statistically significant.

RESULTS

In total, 30,618 healthy eyes of patients aged
10–50 years [mean age, 25.00 (20.00, 31.00)
years] and residing in Tianjin, Shandong,
Hubei, Xinjiang, or Yunnan were included
(Fig. 1).

Corneal Curvature

The anterior and posterior corneal curvatures
(K1 and K2) exhibited significant differences
among the age groups (P\0.0001) and
increased with age (anterior: rs,K1 = 0.16124,
rs,K2 = 0.12646, P\0.0001; posterior: rs,K1 =
- 0.10820, rs,K2 = - 0.03978, P\0.0001;
Table 1 and Fig. 2). Astigmatism of the anterior
and posterior surfaces also showed significant
differences among the age groups (P\ 0.0001),
although it tended to decrease with age
(rs,anterior = - 0.06914, rs,posterior = - 0.10331,
P\ 0.0001; Table 1 and Fig. 2).

Corneal Thickness

Both the central and thinnest corneal thick-
nesses showed significant differences among
the age groups (P\ 0.0001), with both exhibit-
ing a tendency to decrease with age (rs,CCT =
- 0.03571, rs,TCT = - 0.03580, P\ 0.0001).
There was no correlation between the difference
in the two parameters and age (rs = - 0.00550,
P = 0.3362; Table 2 and Fig. 3).
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We also analyzed the corneal thickness spa-
tial profile (CTSP) for diameters from 0 to
10 mm. For this measurement, concentric cir-
cles are made with the thinnest point of the
cornea as the center, and the circumference
average thickness is calculated for the different
diameters. We found that the cornea exhibited
overall thinning with age, with the decrease
becoming more obvious toward the periphery
(Table 3 and Fig. 3).

Corneal Surface Height

There were significant differences in the ante-
rior and posterior corneal surface heights
among the different age groups (P\ 0.0001).
While the anterior corneal surface height was
negatively correlated with age, thus tending to
decrease with age (rs = - 0.02522, P\ 0.0001),
the posterior corneal surface height was posi-
tively correlated with age, thus tending to

increase with age (rs = 0.05597, P\0.0001;
Table 4 and Fig. 4).

Corneal Morphological Parameters

Both IHA and IVA were significantly different
among the age groups (PIHA\0.0001, PIVA =
0.0166), with both parameters exhibiting an
increase with age (rs,IHA = 0.03418, P\ 0.0001;
rs,IVA = 0.01599, P = 0.0051; Table 5 and Fig. 4).

DISCUSSION

In the present study, we determined age-related
changes in corneal morphological parameters in
a sample of Asian subjects with healthy eyes in
the age range of 10–50 years, which is the pre-
dominant age range for the occurrence of
keratoconus.

Fig. 1 Locations of provinces and research centers
included in the present study, with the number of subjects
enrolled in each center. We investigated age-related

changes in corneal morphological parameters associated
with keratoconus in Chinese subjects with healthy eyes
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Table 1 Anterior and posterior corneal curvatures and astigmatism values for Chinese subjects with healthy eyes stratified
into different age groups

Age groups N (missing) Mean – SD M (Q1–Q3) v2 P

Anterior corneal curvature

K1

\ 18 years* 780 (0) 42.29 ± 1.29 42.25 (41.50–43.10) 799.0081 \ 0.0001

18–30 years4 21,495 (0) 42.57 ± 1.30 42.60 (41.70–43.40)

31–40 years# 6945 (0) 43.02 ± 1.31 43.00 (42.20–43.90)

41–50 years# 1398 (0) 43.11 ± 1.33 43.20 (42.20–44.00)

K2

\ 18 years* 780 (0) 43.41 ± 1.41 43.40 (42.50–44.40) 489.8542 \ 0.0001

18–30 years4 21,495 (0) 43.71 ± 1.43 43.70 (42.70–44.70)

31–40 years# 6945 (0) 44.08 ± 1.43 44.10 (43.10–45.00)

41–50 years# 1398 (0) 44.16 ± 1.42 44.20 (43.10–45.10)

Astigmatism (DK)

\ 18 years* 780 (0) 1.11 ± 0.65 1.00 (0.70–1.40) 159.6708 \ 0.0001

18–30 years* 21,495 (0) 1.13 ± 0.67 1.00 (0.70–1.50)

31–40 years4 6945 (0) 1.06 ± 0.73 0.90 (0.60–1.40)

41–50 years4 1398 (0) 1.05 ± 0.74 0.90 (0.50–1.40)

Posterior corneal curvature

K1

\ 18 years* 780 (0) - 6.01 ± 0.21 - 6.00 (- 6.20 to - 5.90) 368.1386 \ 0.0001

18–30 years4 21,495 (0) - 6.07 ± 0.21 - 6.10 (- 6.20 to - 5.90)

31–40 years# 6945 (0) - 6.12 ± 0.22 - 6.10 (- 6.30 to - 6.00)

41–50 years§ 1398 (0) - 6.13 ± 0.23 - 6.10 (- 6.30 to - 6.00)

K2

\ 18 years* 780 (0) - 6.38 ± 0.25 - 6.40 (- 6.50 to - 6.20) 57.8636 \ 0.0001

18–30 years4 21,495 (0) - 6.42 ± 0.25 - 6.40 (- 6.60 to - 6.30)

31–40 years4 6945 (0) - 6.44 ± 0.25 - 6.40 (- 6.60 to - 6.30)

41–50 years4 1398 (0) - 6.44 ± 0.26 - 6.40 (- 6.60 to - 6.30)

Astigmatism (DK)

\ 18 years* 780 (0) 0.37 ± 0.14 0.40 (0.30–0.50) 339.6934 \ 0.0001

18–30 years4 21,495 (0) 0.35 ± 0.14 0.30 (0.30–0.40)

31–40 years# 6945 (0) 0.33 ± 0.15 0.30 (0.20–0.40)
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With the rapid increase in the number of
refractive surgeries performed worldwide, cor-
neal ectasia after refractive surgery has become a
common concern for refractive surgery and
corneal experts. Subclinical and early

asymptomatic keratoconus that remains undi-
agnosed before surgery is the main cause of this
postoperative corneal ectasia, which leads to an
irreversible decrease in the corrected visual
acuity after surgery. Therefore, even though the

Table 1 continued

Age groups N (missing) Mean – SD M (Q1–Q3) v2 P

41–50 years§ 1398 (0) 0.30 ± 0.16 0.30 (0.20–0.40)

Wilcoxon rank sum test
Different symbols (4, *, #, §) indicate significant differences between groups
SD standard deviation, M median

Fig. 2 Age-related changes in the corneal curvature and
astigmatism (DK) in Chinese subjects with healthy eyes.
a The anterior corneal curvature (K1 and K2) exhibits an
increase with age. b The posterior corneal curvature (K1

and K2) also exhibits an increase in magnitude with age.
c Anterior corneal surface astigmatism exhibits a decrease
with age. d Posterior corneal surface astigmatism also
exhibits a decrease with age
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incidence of this complication is low, it has
detrimental consequences and should be
prevented.

The differential diagnosis of subclinical and
early asymptomatic keratoconus remains a
worldwide problem. Corneal topography is
considered the gold standard for the diagnosis

of keratoconus [18]. However, many patients
with low risk scores during preoperative
screening have developed corneal ectasia after
surgery [19–22]. Conversely, some high-risk
patients identified during preoperative screen-
ing maintain stable vision and a normal corneal
morphology for several years after surgery.

Table 2 Corneal thickness values for Chinese subjects with healthy eyes stratified into different age groups

Age groups N (missing) Mean – SD M (Q1–Q3) v2 P

Central corneal thickness

\ 18 years* 780 (1) 544.73 ± 30.33 544.00 (522.00–563.00) 40.5549 \ 0.0001

18–30 years* 21,495 (9) 543.78 ± 29.40 543.00 (524.00–563.00)

31–40 years4 6945 (0) 541.54 ± 28.63 541.00 (522.00–560.00)

41–50 years4 1398 (0) 540.54 ± 29.07 540.00 (520.00–561.00)

Minimum corneal thickness

\ 18 years* 780 (1) 541.53 ± 30.18 540.00 (519.00–560.00) 41.7169 \ 0.0001

18–30 years* 21,495 (9) 540.76 ± 29.24 540.00 (521.00–560.00)

31–40 years4 6945 (0) 538.58 ± 28.52 538.00 (519.00–557.00)

41–50 years4 1398 (0) 537.24 ± 28.74 536.50 (516.00–557.00)

Wilcoxon rank sum test
Different symbols (4, *) indicate significant differences between groups
SD standard deviation, M median

Fig. 3 Age-related trends in the corneal thickness in
Chinese subjects with healthy eyes. a Both the central
corneal thickness and the minimum corneal thickness
exhibit a decrease with age. b There is overall corneal

thinning with an increase in age, with increased thinning
toward the periphery. CTSP corneal thickness spatial
profile
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Many corneal morphological parameters and
data provided by corneal topographic maps,
including Belin’s corneal ectasia analysis

parameters, have been formulated via calcula-
tions and analyses of collected data according to
different principles and algorithms under

Table 3 Corneal thickness spatial profile (0–10 mm) for Chinese subjects with healthy eyes stratified into different age
groups

CTSP (mm) < 18 years 18–30 years 31–40 years 41–50 years

CTSP0mm 541.53 ± 30.18 540.76 ± 29.24 538.58 ± 28.52 537.24 ± 28.74

540.00 (519.00–560.00) 540.00 (521.00–560.00) 538.00 (519.00–557.00) 536.50 (516.00–557.00)

CTSP2mm 549.83 ± 30.53 549.21 ± 29.58 546.92 ± 28.84 545.70 ± 29.20

548.50 (527.50–568.00) 548.00 (529.00–568.00) 546.00 (527.00–566.00) 544.50 (525.00–566.00)

CTSP4mm 577.42 ± 31.69 577.01 ± 31.26 574.07 ± 30.06 572.83 ± 30.66

576.00 (556.00–597.00) 576.00 (556.00–597.00) 573.00 (554.00–593.00) 572.00 (551.00–594.00)

CTSP6mm 627.79 ± 34.14 628.00 ± 33.73 623.74 ± 32.48 621.58 ± 33.14

626.00 (606.00–650.00) 627.00 (606.00–650.00) 623.00 (602.00–645.00) 621.00 (598.00–644.00)

CTSP8mm 706.08 ± 38.17 707.12 ± 36.96 701.36 ± 36.14 695.93 ± 37.06

703.00 (681.00–730.00) 706.00 (682.00–731.00) 701.00 (677.00–724.00) 695.00 (671.00–721.00)

CTSP10mm 814.43 ± 44.69 813.98 ± 43.42 805.40 ± 43.34 795.48 ± 46.60

813.00 (784.00–844.00) 813.00 (784.00–843.00) 804.00 (776.00–834.00) 795.00 (764.00–824.00)

CTSP corneal thickness spatial profile
Values are expressed as means ± standard deviations or medians (Q1–Q3)

Table 4 Corneal surface height for Chinese subjects with healthy eyes stratified into different age groups

Age groups N (missing) Mean – SD M (Q1–Q3) v2 P

Anterior corneal surface height

\ 18 years* 780 (0) 2.10 ± 1.23 2.00 (1.00–3.00) 101.1995 \ 0.0001

18–30 years4 21,495 (1) 2.29 ± 1.20 2.00 (2.00–3.00)

31–40 years4 6945 (0) 2.25 ± 1.32 2.00 (1.00–3.00)

41–50 years§ 1398 (0) 1.95 ± 1.45 2.00 (1.00–3.00)

Posterior corneal surface height

\ 18 years* 780 (0) 3.57 ± 2.69 4.00 (2.00–5.00) 142.6874 \ 0.0001

18–30 years* 21,495 (1) 3.75 ± 2.72 4.00 (2.00–5.00)

31–40 years4 6945 (0) 3.94 ± 2.86 4.00 (2.00–6.00)

41–50 years§ 1398 (0) 4.68 ± 3.25 5.00 (3.00–7.00)

Wilcoxon rank sum test
Different symbols (4, *, §) indicate that there are significant differences between groups
SD standard deviation, M median
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normal value control [23]. The location of the
R&D headquarters for Pentacam in Europe is
one of the reasons why most of the normal
values used for the analysis of equipment soft-
ware are based on data for European and
American ethnicities. Anthropological studies
have shown that Caucasians account for a large

proportion of the European and American
populations, whereas Mongolian and mixed
Mongolian and Caucasian ethnicities account
for a large proportion of the Asian population
[24]. The corneal morphology varies among
regions and populations [25, 26]; therefore, age-
related analysis of corneal morphological

Fig. 4 Age-related trends in the corneal surface height and
asymmetry indices in Chinese subjects with healthy eyes.
a The anterior corneal surface height exhibits a decrease
with age, while the posterior surface height increases with

age. b Both IHA and IVA exhibit an increase with age.
IHA index of height asymmetry, IVA index of vertical
asymmetry

Table 5 IHA and IVA values for Chinese subjects with healthy eyes stratified into different age groups

Age groups N (missing) Mean – SD M (Q1–Q3) v2 P

IHA

\ 18 years* 780 (0) 3.93 ± 3.45 3.00 (1.35–5.50) 38.2744 \ 0.0001

18–30 years4 21,495 (2) 4.26 ± 3.65 3.30 (1.50–6.00)

31–40 years4 6945 (0) 4.66 ± 4.17 3.50 (1.60–6.60)

41–50 years4 1398 (0) 4.63 ± 4.09 3.50 (1.50–6.80)

IVA

\ 18 years* 780 (0) 0.11 ± 0.04 0.10 (0.07–0.13) 10.2398 0.0166

18–30 years4 21,495 (2) 0.11 ± 0.05 0.10 (0.07–0.14)

31–40 years# 6945 (0) 0.11 ± 0.05 0.10 (0.07–0.14)

41–50 years§ 1398 (0) 0.12 ± 0.06 0.10 (0.08–0.14)

Wilcoxon rank sum test
Different symbols (4, *, §) indicate significant differences in IHA between groups
§ Indicates significant differences in IVA between groups marked with * or 4
# Indicates significant differences in IVA between groups marked with *
IHA index of height asymmetry, IVA index of vertical asymmetry, SD standard deviation, M median
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parameters and investigation of age-related
changes in these parameters in Asian individu-
als with healthy eyes may provide more accu-
rate reference data for the early diagnosis of
keratoconus in this specific population.

The present multicenter, large-scale study
involved five regions of China that are dis-
tributed in warm temperate, subtropical, and
tropical zones. These regions also show different
climatic characteristics, such as an inland cli-
mate, a coastal monsoon climate, and an alpine
climate, and basically cover the various geo-
graphical and inhabitant characteristics of Asia.
Thus, comprehensive analysis of data from
these regions could represent the corneal mor-
phological characteristics of most Asian popu-
lations. By evaluating Chinese subjects with
healthy eyes, we found that the corneal mor-
phology gradually changes with age, with an
increase in the anterior and posterior corneal
curvatures (K1 and K2); a gradual decrease in
astigmatism of the anterior and posterior cor-
neal surfaces (DK); a gradual decrease in the
central corneal thickness and the thinnest cor-
neal thickness; a decrease in the overall corneal
thickness, with a more obvious decrease toward
the periphery; a decrease in the anterior corneal
surface height and an increase in the posterior
corneal surface height; and an increase in IHA
and IVA. These findings indicate that the nor-
mal corneal morphology does not remain con-
stant and gradually changes from adolescence
to middle age. While the cornea becomes thin-
ner toward the periphery, the anterior and
posterior corneal curvatures gradually increase.

These changes result in the transition of the
corneal shape from a flat ellipse to an elongated
ellipse. However, the anterior and posterior
surfaces become smoother with age. Although
keratoconus is also characterized by an increase
in the anterior and posterior corneal curvatures
[27], corneal protrusion, and a decrease in the
corneal thickness, the morphological changes
associated with this condition are quite differ-
ent from the age-related changes observed for
healthy corneas. A normal cornea gradually
shows relative protuberance because of thin-
ning and an increased curvature; however, a
cornea affected by keratoconus shows an actual
protuberance caused by a change in the corneal
structure. Figure 5 clarifies the differences
between normal age-related changes in the
corneal morphology and pathological changes
associated with keratoconus.

A few similar studies have also shown that
the corneal curvature increases with age in
individuals with healthy eyes [28, 29]. More-
over, similar studies in hundreds of samples
have reported that the normal corneal thickness
decreases with age [30, 31]. This could be
attributed to decreased pressure on the cornea
due to aging of the eyelid, muscle relaxation
around the eyes, and the effects of gravity over
the years. In addition, corneal micromorpho-
logical studies have found that the corneal
protrusion and thinning observed in kerato-
conus are caused by a decrease in type I and
type IV collagen and the extracellular matrix,
the degradation of fibroblasts, the uneven dis-
tribution of collagen fibers, and a decrease in

Fig. 5 Illustration of corneal morphological changes with
age in Chinese subjects with healthy eyes. Left to right:
normal cornea, normal cornea in aged subjects (overall
corneal thinning with an increase in the anterior and

posterior surface curvatures), and keratoconus (true
corneal protrusion). The red dotted line represents the
original thickness and shape of a normal cornea
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the number of collagen lamellae [32–34]. Unlike
the microscopic changes observed with kerato-
conus, the fibrous interval of the corneal colla-
gen in healthy eyes decreases with age [35],
which probably results in corneal thinning.
Other related studies have found that collagen
fibers in the corneal stroma of healthy eyes
gradually increase with age [36], along with an
increase in the corneal tissue hardness [37]. This
explains why the biomechanical properties of
the cornea remain good despite gradual thin-
ning and relative protrusion. Despite the above
results, in fact, for each healthy individual, the
change of corneal morphology with age should
be very slight, the main corneal parameters
remain quite stable in a 40-year span, and very
small changes should be expected in the K
readings, and almost none in the thickness or
astigmatism magnitude. Owing to very large
number of cases, these small differences are
statistically significant, despite not being clini-
cally relevant. In fact, the results obtained are
consistent with the hypothesis that a normal
cornea seems to withstand quite well the effect
of IOP and external pressures (blinking, rub-
bing) just showing a minimal (and not clinically
relevant) corneal ‘‘steepening’’ and thinning,
most probably due to the natural cross-linking.
Thus, clinicians should not expect any notice-
able variations in the mean corneal parameters
during follow-up of normal patients.

CONCLUSION

The findings of this study can be used as refer-
ence data for the differential diagnosis of sub-
clinical and early keratoconus by refractive
surgeons and keratologists treating individuals
of Asian descent.

As a result of the limited conditions, the
sample capacity and age difference in different
regions are indeed the difficulties that we could
not overcome in this study. We are contacting
more ophthalmic centers in different regions
for relevant cooperative research. We will
expand the sample size and regions to improve
our future research.
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24. Keysertracqui C, Crubézy E, Pamzsav H, Varga T,
Ludes B. Population origins in Mongolia: genetic
structure analysis of ancient and modern DNA. Am
J Phys Anthropol. 2010;131(2):272–81.

25. Sng C, Barton K, Kim H, Yuan S, Budenz DL. Central
corneal thickness and its associations with ocular
and systemic factors in an Urban West African
Population. Am J Ophthalmol. 2016;169:268–75.

26. Ma R, Liu Y, Zhang L, et al. Distribution and trends
in corneal thickness parameters in a large popula-
tion-based multicenter study of young Chinese
adults. Invest Ophthalmol Vis Sci. 2018;59(8):3366.

27. Vinciguerra R, Roberts CJ, Azzolini C, Vinciguerra P.
Biomechanical characterization of subclinical kera-
toconus without topographic or tomographic
abnormalities. J Refract Surg. 2017;33(6):399.

28. Garzón N, Poyales F, Illarramendi I, et al. Corneal
densitometry and its correlation with age, pachy-
metry, corneal curvature, and refraction. Int Oph-
thalmol. 2017;37(6):1263–8.

29. Hashemi H, Asgari S, Emamian MH, Mehravaran S,
Fotouhi A. Age-related changes in corneal curvature
and shape: the Shahroud Eye Cohort Study. Cor-
nea. 2015;34(11):1456.

30. Kadhim YJ, Farhood QK. Central corneal thickness
of Iraqi population in relation to age, gender,
refractive errors, and corneal curvature: a hospital-
based cross-sectional study. Clin Ophthalmol.
2016;10:2369–76.

31. Mwanza JC, Tulenko SE, Herndon LW, et al. Lon-
gitudinal change in central corneal thickness in the
Tema Eye Survey. Am J Ophthalmol. 2018;186:
10–8.

32. Collier S. Is the corneal degradation in keratoconus
caused by matrix-metalloproteinases? Clin Experim
Ophthalmol. 2010;29(6):340–4.

33. Abalain JH, Dossou H, Colin J, Floch HH. Levels of
collagen degradation products (telopeptides) in the
tear film of patients with keratoconus. Cornea.
2000;19(4):474–6.
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